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absTRaCT—River salinization is a byproduct of water resource development that results from cumulative 
impacts of flow-regime modifications and crop irrigation. However, historical salinization in the Lower Pecos 
River is often attributed to natural, high-salinity groundwater. Here, evidence from literature and U.S. Geologi-
cal Survey gaging stations is reviewed to summarize historical changes associated with water development that 
potentially contributed to Pecos River salinization. A suite of hydrological changes, initiated in the 1880s, likely 
contributed to streamflow salinization: (1) reduced flood frequency and magnitude, (2) diminished streamflow, 
(3) increased evapotranspiration, and (4) increased prevalence of natural, high-salinity groundwater. Saliniza-
tion is presently highest where these cumulative impacts were greatest (Red Bluff Dam to Girvin, Texas). Prior 
to water-resource development, higher, fresher streamflows and periodic floods diluted natural, high-salinity 
groundwater inflows and continuously exported salts from the drainage. Predevelopment salinity was low 
enough to support at least 44 native fishes, 13 of which have disappeared from the region. Only seven euryha-
line natives remain in the most salinized river reach. However, flow-regime restoration and improved irrigation 
practice could potentially reduce salinization and partially restore a freshwater fauna.
Key Words: brine aquifer, cumulative impacts, euryhaline fishes, irrigation, native fishes, natural flow regime, 
salt balance
INTRODUCTION
 Salinization (salt buildup in soils and waters) is a li-
ability associated with irrigated agriculture (Pillsbury 
1981; Williams 1987; Smedema and Shiati 2002) that 
threatens agricultural sustainability (Jacobsen and Ad-
ams 1958; Postel 1989; Ghassemi et al. 1995). Ancient 
Egypt is the best-known example of an irrigation system 
in long use (centuries) that avoided salinization (Nace 
1972; Pillsbury 1981; Kishk 1986). Salts did not accumu-
late within irrigated fields or residual waters of ancient 
Egypt because annual flooding of the Nile River diluted 
and exported the salts that were produced naturally and 
via irrigation. In other words, the natural flow regime of 
the Nile River maintained a salt balance—an equilibrium 
between salt production and salt export—within the 
drainage.
 Salt balance is characteristic of pristine rivers with 
natural flow regimes (Holmes 1971; Pillsbury 1981). That 
is, although the level of salinity is variable among streams 
worldwide, it is characteristically within the range that is 
suitable for freshwater organisms (Hynes 1970). Fresh-
water inflows can even maintain freshwater faunas in 
terminal lakes of endorheic basins if annual inflows equal 
or exceed annual evaporation (e.g., Williams and Aladin 
1991; Bortnik 1999). However, the natural salt balance of 
a given stream can be disrupted by hydrological altera-
tions associated with water resource development (e.g., 
flood control, streamflow storage, streamflow diversion 
onto croplands) that either reduce salt export or increase 
evapotranspiration, both of which promote salt accumula-
tion (Holmes 1971; Pillsbury 1981). Accumulating salts 
eventually contaminate irrigated soils and irrigation-
return flows (Elgabaly 1977; Pillsbury 1981; Khan 1982). 
Saline irrigation-return f lows, in turn, contaminate 
groundwater (Pillsbury 1981; Alyamani 1999; Foster and 
Chilton 2003) and receiving waterways (Butler and von 
Guerard 1996; Dennehy et al. 1998; Shirinian-Orlando 
and Uchrin 2000; Smedema and Shiati 2002). If natural 
streamflows are severely depleted, saline irrigation-re-
turn flows become the dominant source of instream flow 
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(Howard 1942b; Colby et al. 1956; Dennehy et al. 1998), 
which can create a brackish or saline environment that 
is unsuitable for freshwater organisms (Williams 1987; 
Meybeck et al. 1989; Ghassemi et al. 1995).
 Reviews of aquatic conservation concerns in the North 
American Great Plains make little mention of salinization 
(Matthews and Zimmerman 1990; Fausch and Bestgen 
1997; Dodds et al. 2004; Hubert and Gordon 2007), and 
when mentioned, it is not linked with irrigated agriculture 
(Covich et al. 1997). Nonetheless, irrigation throughout 
the Great Plains has elevated streamflow salinities (e.g., 
Haney and Bendixen 1953; Dennehy et al. 1998; Zelt et al. 
1999). One factor that contributes to this oversight may be 
that some aquifers of the Great Plains include naturally 
saline waters (e.g., Feth 1971; Rawson 1982). Presence of 
natural salinity may overshadow human-caused salini-
zation if there is a perception that aquatic habitats were 
naturally saline. However, in watersheds highly modi-
fied by human disturbances, the relative contributions 
of naturally saline springs versus human disturbances 
to river salinization can be uncertain. Further, contem-
porary studies of river salinization typically focus on 
proximate factors that contribute to present-day salinity, 
often concluding, appropriately, that saline springs are a 
major source of modern-day salts (Havens and Wilkins 
1979; Gillespie and Hargadine 1986; Shirinian-Orlando 
and Uchrin 2000; Hogan et al. 2007). However, from 
the standpoint of biological conservation, the ultimate 
(i.e., historical) cause of river salinization is relevant, 
particularly with respect to historical declines of native 
biota. Thus, a historical perspective on human-caused 
hydrological changes is useful to understand the relative 
contributions of natural and human-related salt produc-
tion to historical river salinization.
 The Lower Pecos River lies at the southwestern edge 
of the Great Plains in New Mexico and Texas. Certain 
stretches of this river are saline and harbor a unique 
aquatic fauna dominated by salt-tolerant taxa (Davis 
1980a; Linam and Kleinsasser 1996). However, the prede-
velopment fauna included many freshwater taxa that have 
disappeared from salinized river reaches (Davis 1987; 
Hoagstrom 2003). This suggests salinization was recent, 
perhaps associated with water resource development. 
Indeed, high salinity in the Lower Pecos River has been 
attributed to increased evapotranspiration associated 
with irrigated agriculture (Gibbs 1970, 1971; Pillsbury 
1981; El-Ashry et al. 1985). However, salinization of the 
Lower Pecos River is also commonly attributed to a brine 
aquifer near Malaga, New Mexico (Lingle and Linford 
1961; Feth 1971; Havens and Wilkins 1979). The goal of 
this paper is to explore this difference of opinion via a 
review of historical information with emphasis on altera-
tions of the natural flow regime (Poff et al. 1997). This 
perspective is significant because, if salinization were 
facilitated by human alterations of the natural flow re-
gime, then mitigation or reversal of such alterations could 
potentially reduce salinity and partially restore salinized 
river reaches.
THE LOWER PECOS RIVER
 The Pecos River is a major tributary to the Rio Grande 
(Fig. 1) that lies within the Great Plains Physiographic 
Province (Thornbury 1965; Trimble 1990; Holliday et 
al. 2002). The Lower Pecos River traverses roughly the 
downstream half of the drainage (Fig. 1) and consists 
of two major geomorphic divisions: (1) the Permian Ba-
sin upstream and (2) the Edwards Plateau downstream 
(Thomas 1972). The Pecos River valley and major tribu-
tary valleys are relatively wide in the Permian Basin, 
whereas they are incised within deep canyons in the 
Edwards Plateau.
 Saline strata underlie much of the Pecos River wa-
tershed and in some cases are associated with brine 
aquifers (USNRPB 1942). Local upwellings of brine 
create saline springs that account for the commonness 
of place names such as Alkali Spring, Bitter Creek, and 
Salt Creek throughout the region (Brune 2002). These 
springs, streams, and seeps contribute salts to the Pecos 
River, giving its waters a salty taste that was noted by 
pioneers (Lingle and Linford 1961; Dearen 1996). Thus, 
even prior to development, the Pecos River was regarded 
as salty. However, salinity of roughly 0.3‰ is considered 
undesirable for human consumption and, in this context, 
salinities above 3.0‰ are considered highly saline (Wil-
liams 1987). Thus, the fact that early explorers, pioneers, 
and their livestock routinely drank from the Pecos River 
(e.g., Pope 1854; Dearen 1996) indicates a freshwater, 
rather than saline, aquatic environment. That is, presence 
of some salts or even periodic or localized brackish con-
ditions does not preclude dominance by freshwater biota, 
so long as salinity remains relatively low (i.e., <14‰; 
Hynes 1970; Williams 1996). For example, salinized ir-
rigation return flows in the Black River, a Pecos River 
tributary near Malaga, New Mexico (Fig. 1) more than 
double salinity at times (average of 7,750 µS/cm specific 
conductance in 1977-78), but do not preclude the presence 
of a relatively diverse fish assemblage that includes native 
freshwater fishes (Cowley and Sublette 1987). Thus, al-
though water from the predevelopment Pecos River had a 
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Figure	1.	Map	of	Pecos	River	drainage	showing	(1)	major	geographical	divisions,	Upper,	Middle,	and	Lower	Pecos	River;	(2)	major	
structural	basins,	(I)	Roswell	Basin,	(II)	Permian	Basin,	and	(III)	Edwards	Plateau;	and	(3)	selected	points	of	interest.	Major	mainstem	
and	tributary	dams	are	shown,	but	many	additional	dams	are	present	within	the	Upper	Pecos	River	drainage	and	within	major	
tributary	drainages.
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salty taste, it was not necessarily too saline for freshwater 
organisms.
 Prior to development, the Lower Pecos River was 
navigable upstream from the Rio Grande confluence at 
least to the New Mexico-Texas state line (Pope 1854). 
During the exploration and settlement period (roughly 
1535 to 1880), it was notoriously difficult to cross due to 
a swift current, high depth, and shifting-sand substrate 
(Leftwich 1957; Dearen 1996). At this time, streamflows 
were a combination of inflows from upstream, local 
groundwater inflows, and local surface runoff (USNRPB 
1942). Some groundwater inflows originated west of the 
surface-drainage boundary (Sharp 2001; Sharp et al. 
2003), extending the groundwater-drainage southwest 
across a large, albeit arid, region.
 Initial water resource development in the Pecos River 
drainage focused primarily on surface water storage and 
diversion, but groundwater use increased substantially 
after 1900 in the Roswell Basin, New Mexico, and after 
1948 in the Permian Basin, New Mexico and Texas (US-
NRPB 1942; Thomas 1959; Lingle and Linford 1961; Ash-
worth 1990). Five major dams with reservoirs (Avalon, 
McMillan, Sumner, Red Bluff, Santa Rosa) were con-
structed for irrigation storage and flood control during the 
period from 1890 to 1980, one of which (McMillan Dam), 
was breached and replaced by an additional dam and 
reservoir in 1988 (Brantley Dam; Hufstetler and Johnson 
1993; Fig. 1). Many smaller dams were also constructed 
throughout the Pecos River drainage (Fig. 1). Throughout 
the Permian Basin, Pecos River waters were diverted, ap-
plied to crops, returned to the Pecos River in concentrated 
form, and then diverted again (USNRPB 1942). Repeated 
diversions of surface water, groundwater overdraft, and 
flood control reduced the Lower Pecos River to a tranquil, 
sluggish stream that was no longer navigable or even dif-
ficult to cross (Dearen 1996). In some locations, stream-
flow ceased altogether during dry periods (Grozier et al. 
1966).
 Irrigated agriculture within the Pecos River drain-
age is generally concentrated within alluvial valleys and 
alluvium-filled structural basins. The largest agricultural 
areas are (1) the Fort Sumner Valley (downstream from 
FSID Dam), (2) the Roswell Basin, (3) the Carlsbad Valley 
between Carlsbad and Malaga, NM, and (4) the Toyah Ba-
sin between Orla and Girvin, TX (USNRPB 1942; Lingle 
and Linford 1961; Ashworth 1990; Fig. 1). These areas are 
characterized by alluvial strata that are suitable for farm-
ing and overlie substantial aquifers that have been used 
to supplement surface-water supplies (USNRPB 1942; 
Lingle and Linford 1961). Irrigated agriculture is rare in 
the Edwards Plateau portion of the Lower Pecos River 
because suitable farmland is scarce (USNRPB 1942). 
Groundwater is less severely exploited in this region, so 
discharge to the Lower Pecos River remains relatively 
substantial (Rhodes and Hubbs 1992; Linam and Klein-
sasser 1996).
METHODS
 This paper is a synthesis of information on historical 
alterations of hydrology in the Pecos River drainage as-
sociated with water resource development. Main sources 
of information were (1) the literature and (2) data from 
U.S. Geological Survey surface-water gaging stations. 
Gage data were accessed via the Internet (http://water-
data.usgs.gov) and summarized for up to seven gaging 
stations distributed throughout the study area, depending 
on the parameter of interest and data availability. Gag-
ing stations with the longest continuous period of record 
were selected for analysis. The Near Artesia, NM, gag-
ing station (number 08396500) represented inflows to the 
Lower Pecos River and was also used to represent the 
predevelopment flow regime because it was established 
prior to major dam construction upstream. However, no 
gaging station on the Pecos River predates all human-
related hydrological disturbances (USNRPB 1942). The 
gaging stations of Near Artesia, NM; Near Malaga, NM 
(number 08406500); Near Orla, TX (number 08412500); 
and Near Girvin, TX (number 08446500) were used to 
summarize historical changes in the frequency and mag-
nitude of peak streamflows (defined here as flow events 
>30 m3/s). Data from these gaging stations were adequate 
to illustrate temporal and spatial variation in frequency 
and magnitude of peak flows. These gaging stations, 
along with those at Below Dark Canyon in Carlsbad, NM 
(number 08405200); Red Bluff, NM (number 8407500); 
and Near Langtry, TX (number 08447410), were used 
to summarize available data on specific conductance 
(a measure of salinity) for the period of record (1959 to 
2007). Data for the period 1986 through 2005 (the only 
period with data available for all gages) were used from 
six gaging stations (Near Artesia, NM; Below Dark Can-
yon in Carlsbad, NM; Near Malaga, NM; At Red Bluff, 
NM; Near Orla, TX; and Near Girvin, TX) to character-
ize contemporary patterns of average streamflow.
 Historical information on Pecos River hydrology 
was interpreted within the context of the Natural Flow 
Regime paradigm (Poff et al. 1997), which recognizes 
five major attributes of a flow regime: (1) magnitude of a 
given flow event, (2) frequency of a given flow event, (3) 
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duration of a given flow event, (4) timing of a given flow 
event, and (5) rate of change among flow events. Changes 
to a natural flow regime that may facilitate salt accumula-
tion include reductions in the magnitude and frequency of 
floods and reductions in streamflow magnitude (Holmes 
1971; Pillsbury 1981). Increased evapotranspiration as-
sociated with crop irrigation (Gibbs 1970, 1971; Pillsbury 
1981) and natural inflows from saline aquifers (Feth 
1971; Havens and Wilkins 1979) also may contribute to 
salinization. Thus, historical information on these ef-
fects was also reviewed. Simultaneous consideration of 
historical flow-regime changes and evapotranspiration 
changes relative to brine aquifer discharge was intended 
to provide a comprehensive, albeit qualitative, assessment 
of factors facilitating historical salinization in the Lower 
Pecos River.
 Literature reporting historical changes in the aquatic 
fauna of the Lower Pecos River was also reviewed, with 
an emphasis on fishes (because they were the most stud-
ied). The pattern of biological change was presumed to 
result from abiotic changes within the Pecos River drain-
age. With regard to salinization, declines of freshwater 
fishes (fishes that cannot tolerate seawater; Gunter 1942; 
Smith and Miller 1986; Echelle et al. 1972; Hoagstrom 
and Brooks 1999) were of particular interest. The histori-
cal and recent status of native fishes was summarized for 
the following three reaches of the Lower Pecos River that 
differed in the degree of salinization (Rhodes and Hubbs 
1992; Linam and Kleinsasser 1996; Hoagstrom 2003): 
(1) from Brantley Dam to Red Bluff Dam (intermediate 
salinity), (2) from Red Bluff Dam to Girvin, TX (high-
est salinity), and (3) from Girvin, TX, to the Rio Grande 
confluence (lowest salinity).
RESULTS AND DISCUSSION
Reduced Flood Frequency and Magnitude
 The Lower Pecos River was historically prone to 
frequent and sometimes severe floods (USNRPB 1942; 
USPWRPC 1950; Hufstetler and Johnson 1993). Major 
floods could occur (1) in spring, via snowmelt or rains; 
(2) in summer, via monsoons; or (3) in fall, via hurricane-
related rains (USNRPB 1942). As a result, annual flood 
peak magnitude, timing, and duration varied among years 
(e.g., Fig. 2). Historical accounts indicate that floods were 
frequent prior to water resource development (Leftwich 
1957; Dearen 1996).
 Frequent floods in the predevelopment Lower Pecos 
River would have diluted streamflows and facilitated salt 
Figure	 2.	 Annual	 flow	 regime	 of	 the	 Pecos	 River	 near	 Arte-
sia	 (U.S.	 Geological	 Survey	 Surface-Water	 Gaging	 Station	
08396500)	 by	 water	 year	 (October	 through	 September)	 is	
shown	for	selected	years	to	illustrate	the	variable	timing	of	nat-
ural	flood	peaks	caused	by	snowmelt	runoff	 (March	through	
June),	monsoon	rains	(July	through	September),	and	hurricane	
moisture	 from	 the	Gulf	of	Mexico	 (October).	Records	 shown	
represent	the	Pecos	River	flow	regime	with	minimal	upstream	
flood	control	(pre-1937).	Depletions	of	streamflows	upstream	
of	 Artesia	 in	 the	 selected	 years	 were	 largely	 surface-water	
diversions,	which	presumably	did	not	dramatically	alter	flood	
periodicity.	The	Near	Artesia,	NM,	gage	represents	inflow	to	
Brantley	 Reservoir,	 which	 is	 the	 upstream	 boundary	 of	 the	
Lower	 Pecos	 River.	 Continuous	 pre-flood-control	 gage	 data	
are	unavailable	for	the	Lower	Pecos	River	because	of	establish-
ment	of	major	reservoirs	near	Carlsbad,	NM,	by	1911.
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export from the area. Indeed, saline springs and high 
evaporation rates presently elevate streamflow and reser-
voir salinity during low-flow periods, but periodic floods 
dilute them (USNRPB 1942; Grozier et al. 1968). For 
example, as a result of floods in 1941, the average annual 
concentration of dissolved solids flowing into Red Bluff 
Reservoir was roughly half (2,009 mg/l) that in the three 
previous years (Howard 1942a). Further, the concentra-
tion of dissolved solids flowing out of Red Bluff Reservoir 
was roughly half (1,068 mg/l) the concentration present 
in the previous water year (Howard 1942a). This dilution 
effect is an important component of contemporary water 
management. For example, irrigation storage releases 
from Sumner Dam, New Mexico (Fig. 1) are often imple-
mented, in part, to reduce salinity in Brantley Reservoir, 
downstream (Robertson 1997).
 Today, floods in the Pecos River drainage rarely ex-
ceed reservoir capacities (Longworth and Carron 2003). 
However, floods originating in the mountainous headwa-
ters formerly reached the Lower Pecos River (USNRPB 
1942; Hufstetler and Johnson 1993) but are now captured 
by Sumner Dam (completed in 1937) and Santa Rosa 
Dam (completed in 1980; Welsh 1985). Thus, uncon-
trolled flooding in the vicinity of Red Bluff Reservoir (for 
example) only occurs when local precipitation is heavy 
(USNRPB 1942). Floods no longer occur every year in 
this vicinity and are increasingly rare (Fig. 3). Presum-
ably, river reaches with the lowest flood frequency and 
magnitude are most susceptible to salt buildup because 
dilution and export of salts are reduced. Indeed, both the 
frequency and magnitude of floods has been particularly 
low between Red Bluff Dam and Girvin, TX, since 1942 
(Fig. 3), where streamflow is particularly saline (Fig. 4).
Diminished Streamflow
 Catchment geography and groundwater studies indi-
cate inflows to the Lower Pecos River were substantial. 
The catchment upstream is 29,474 km2 in extent and 
includes mountain peaks reaching nearly 4,000 m in 
elevation, both in the headwaters and in major tributaries 
that flow from mountains to the west (e.g., the Rio Hondo; 
USNRPB 1942). This alone suggests inflows would have 
been substantial and that alpine spring snowmelt was 
an important component of the natural flow regime. 
Groundwater inflows were also prominent because of 
the abundance of karst in the region (USNRPB 1942). 
Prior to human exploitation (circa 1900), the Pecos River 
downstream from the Gallinas River confluence received 
groundwater inflows throughout its length except for a 
Figure	3.	Peak	annual	streamflows	that	exceed	30	m3/s	by	wa-
ter	year	(October	through	September)	for	the	period	of	record	
at	four	U.S.	Geological	Survey	Surface-Water	Gaging	Stations,	
presented	in	upstream	to	downstream	order.	The	Near	Artesia,	
NM,	gage	(08396500)	represents	inflow	to	Brantley	Reservoir,	
which	 is	 the	 upstream	 boundary	 of	 the	 Lower	 Pecos	 River.	
The	Near	Malaga,	NM,	gage	(08406500)	represents	outflow	
from	the	Carlsbad	 Irrigation	District	and	 inflow	to	Red	Bluff	
Reservoir.	 The	 Near	 Orla,	 TX,	 gage	 (08412500)	 represents	
outflow	 from	Red	Bluff	Reservoir.	 The	Near	Girvin,	 TX,	gage	
(08446500)	 represents	 outflow	 from	 combined	 irrigation	
districts	 of	 Texas,	 and	 is	 downstream	 from	 all	 substantial	
development	for	irrigated	agriculture.	Potentially	contributing	
watershed	area	(km2)	is	given	for	each	station.
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short section between McMillan and Avalon dams, where 
streamflow infiltrated the limestone outcrop that forms 
the boundary between the Roswell and Permian basins 
(USNRPB 1942; Mourant and Shomaker 1970; Shomaker 
1971). Even in this case, local losses from the river chan-
nel were more than replaced a short distance downstream 
via discharge from springs (USNRPB 1942; Cox 1967). 
The total sum of these streamflow sources is unknown, 
but it has been estimated that total groundwater discharge 
from the Roswell Basin alone produced 14.6 m3/s prior 
to 1900 (Fiedler and Nye 1933; Morgan 1938; USNRPB 
1942). This is much higher than the base flow that pres-
ently enters the Lower Pecos River (Fig. 5), but it serves 
as a conservative estimate of predevelopment base inflow 
because groundwater inflows upstream from the Roswell 
Basin and surface-water inflows from the entire catch-
ment are not included.
 Additional gains within the Lower Pecos River 
further augmented streamflow. For example, Carlsbad 
Springs discharged 0.2 m3/s, 2.3 m3/s entered the river 
within a 4.0 km reach downstream, and 1.4 m3/s entered 
the river between Red Bluff Dam and Girvin, TX (Lee 
1925; Grover et al. 1922). Hence, predevelopment base 
flow at Girvin was at least 18.5 m3/s, but developments 
that depleted streamflows were already underway when 
these estimates were made (USNRPB 1942). Thus, even 
though the estimated predevelopment base flow at Girvin 
(18.5 m3/s) is an order of magnitude greater than contem-
porary base flow (Fig. 5), this estimate is conservative.
 Predevelopment inflows to the Lower Pecos River 
have been virtually eliminated by aquifer depletion 
and diversion onto croplands (USNRPB 1942; Thomas 
1959; Cox 1967). The historical Pecos River channel is 
dewatered downstream from Avalon Dam, but springs 
near Carlsbad, NM, reestablish streamflow (Cox 1967). 
Streamflow increases further between Carlsbad and 
Red Bluff Dam (Fig. 5), mostly from irrigation returns 
(Howard 1942b; USNRPB 1942), but these gains have di-
minished over time via aquifer depletion (USNRPB 1942; 
Davis 1987). Streamflow presently declines between Red 
Bluff, NM, and Girvin, TX (Fig. 5), as a result of reduced 
inflows and groundwater overdraft (Grozier et al. 1968; 
Richey et al. 1985; LaFave 1987). Seepage losses between 
Red Bluff Dam and Girvin sometimes exceed 50%, 
which can cause streamflow to cease altogether during 
dry periods (Grozier et al. 1966). Pecos River salinity is 
presently highest at Girvin (Fig. 4), where discharge is 
lowest (Fig. 5).
Increased Evapotranspiration
 Evaporation from reservoirs may increase salinity 
downstream depending on climatic conditions, water 
residence time, magnitude and frequency of diluting 
inflows, and precipitation of salts (Irelan 1971; Pionke 
and Workman 1974; Pillsbury 1981). For example, annual 
evaporation from four major Pecos River reservoirs in 
New Mexico (Santa Rosa, Sumner, Brantley, Avalon) var-
ies between 49,339,560 and 61,674,450 m3, depending on 
reservoir storage and prevailing weather (Longworth and 
Carron 2003). Additional evaporation occurs from the 
surface of Red Bluff Reservoir in Texas and other minor 
Figure	4.	Mean	specific	conductance	(µmhos/cm)	at	25°C	with	95%	confidence	intervals	for	the	period	of	record	at	selected	U.S.	
Geological	Survey	gaging	stations:	gage	A	=	Near	Artesia,	NM,	immediately	upstream	of	the	Lower	Pecos	River	(n	=	1,144),	gage	B	
=	Below	Dark	Canyon	in	Carlsbad,	NM,	near	the	springfed	headwaters	of	the	Lower	Pecos	River	(n	=	226),	gage	C	=	Near	Malaga,	
NM,	at	the	downstream	end	of	the	Carlsbad	Irrigation	District	(n	=	889),	gage	D	=	Red	Bluff,	NM,	immediately	upstream	of	Red	
Bluff	Reservoir	(n	=	794),	gage	E	=	Near	Orla,	TX,	immediately	downstream	from	Red	Bluff	Dam	(n	=	280),	gage	F	=	Near	Girvin,	
TX,	at	the	downstream	end	of	irrigation	developments	along	the	Pecos	River	(n	=	240),	and	gage	G	=	Near	Langtry,	TX	(n	=	1,826)	
near	the	confluence	of	the	Pecos	River	with	the	Rio	Grande.	The	period	of	record	for	all	gages	was	between	1959	and	2007.
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reservoirs throughout the drainage, suggesting that salt 
concentrations are increased in this manner. However, the 
cumulative effect of reservoir evaporation on salinity in 
the Pecos River drainage has not been estimated.
 Historically, saline lakes and marshes were abundant 
along the Lower Pecos River within the Permian Basin 
(Dearen 1996; Brune 2002). In the absence of historical 
surveys, the extent of such waters is uncertain. These 
wetlands were important habitats for native biota, notably 
the euryhaline Pecos pupfish, Cyprinodon pecosensis 
(Echelle and Echelle 1992; Hoagstrom and Brooks 1999; 
Echelle et al. 2006), but they do not necessarily indicate 
the river was saline. Salts accumulate in wetlands via 
evapotranspiration, so by definition saline wetlands 
discharge very little if at all (Pillsbury 1981). Discharge 
occurs primarily during floods, when waters are diluted 
and wetlands overflow. Further, the extent of most natural 
evaporative wetlands varies within and among years, be-
ing less during periods of low precipitation. Only spring-
fed evaporative wetlands would have relatively constant 
evaporation rates, and they typically have relatively low 
salinity because inflowing water dilutes accumulating 
salts. In any case, the modern extent of irrigated fields is 
certainly much greater than that of historical wetlands, 
including extensive lands on river terraces that lie above 
modern floodplains (USNRPB 1942). Further, application 
of water for irrigation occurs continuously throughout 
the irrigation season (March through October) and year 
after year, being relatively independent of precipitation 
patterns.
Figure	5.	Average	mean	daily	discharge	for	water	years	1986	through	2005	from	selected	U.S.	Geological	Survey	gaging	stations:	
gage	A	=	Near	Artesia,	NM;	gage	B	=	Below	Dark	Canyon	in	Carlsbad,	NM;	gage	C	=	Near	Malaga,	NM;	gage	D	=	Red	Bluff,	NM;	
gage	E	=	Near	Orla,	TX;	and	gage	F	=	Near	Girvin,	TX.	See	Figure	1	for	gage	locations.	Three	measures	of	average	discharge	are	
presented:	(1)	mean	discharge	with	standard	deviation	(this	measure	is	heavily	influenced	by	floods),	(2)	median	discharge,	and	
(3)	mode	discharge	(this	measure	is	most	representative	of	base	flows).
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 In contrast to salt accumulation in natural wetlands, 
salt accumulation in irrigated croplands often directly 
affects salinity in adjacent streams via surface and sub-
surface irrigation return flows. Indeed, cropland drainage 
and wastewater discharge are critical for reducing salt 
buildup within irrigated soils, so salts are deliberately dis-
charged into adjacent waterways (Pillsbury 1981; Ghas-
semi et al. 1995). Approximately 688 km2 are irrigated 
within the Pecos River drainage upstream of the Permian 
Basin and an additional 1,319 km2 are irrigated within 
the Permian Basin (Lingle and Linford 1961; Byrd et 
al. 2002). As much as 75% of the irrigation within the 
Pecos River drainage relies upon groundwater sources 
(Lingle and Linford 1961), which facilitates salinization 
because groundwater is naturally higher in salts than 
surface runoff (Allan 1995). Repeated application of 
irrigation-return flows to crops multiplies the effects of 
evapotranspiration on salinity. Return flows from these 
croplands increase the salinity of the receiving Pecos 
River (USNRPB 1942; Pillsbury 1981; El-Ashry et al. 
1985). Pecos River streamflow between Carlsbad, NM, 
and Girvin, TX, is primarily irrigation-return flow except 
during floods (Howard 1942b; USNRPB 1942). The Pecos 
River near Girvin is downstream of all major diversions 
and croplands (USNRPB 1942; Lingle and Linford 1961). 
Streamflow in this vicinity has the highest average salin-
ity in the study area (Fig. 5) and derives primarily from 
residual waters used many times over for crop irrigation.
Increased Prevalence of Saline Groundwater
 Major aquifer overdrafts have occurred throughout 
the Pecos River drainage (Thomas et al. 1963; Ashworth 
1990). Historically, aquifers chosen for withdrawals were 
relatively fresh and more suitable for crop irrigation and 
other uses (USNRPB 1942). Overdraft of fresher aquifers 
depleted relatively fresh groundwater but left more saline 
groundwater behind (Hood 1963; Havenor 1968; Ash-
worth 1990). Relatively saline irrigation-return flows now 
recharge these aquifers, further increasing their salinity 
(Ashworth 1990). Under modern conditions, the majority 
of discharging groundwater is relatively saline either via 
contamination from irrigation-return flows or from lack 
of exploitation due to natural salinity.
 The initial source of streamflow in the modern Lower 
Pecos River is springs downstream from Avalon Dam, 
NM, which discharge a mix of fresher groundwater and 
saltier leakage from Avalon Reservoir (USNRPB 1942). 
The fresher groundwater dilutes Pecos River streamflow 
within the city of Carlsbad, but salinity increases dramat-
ically within a relatively short distance downstream (Fig. 
4) due to the increasing dominance of irrigation-return 
flows (Howard 1942b; USNRPB 1942). High-salinity 
inflows farther downstream, near Malaga, NM, are a 
mix of irrigation return flow and brine aquifer discharge 
(USNRPB 1942). A small amount of saline inflow is also 
contributed by seeps and springs between Red Bluff 
Dam and Girvin, TX (USNRPB 1942). Nevertheless, 
groundwater contributes relatively little to Pecos River 
flows between Orla and Girvin (Grozier et al. 1966; 1968), 
which is a major change from predevelopment conditions 
(Grover et al. 1922; Brune 2002). Downstream from 
Girvin, groundwater inflows incrementally increase and 
dilute streamflow (Linam and Kleinsasser 1996; Fig. 4).
Cumulative Causes of Salinization
 Salinization is not necessarily a result of any single 
source or disturbance. Indeed, many human disruptions 
of hydrology have potential to increase evaporation or 
decrease salt export, both of which contribute to saliniza-
tion (Pillsbury 1981). Salinization is the cumulative result 
of hydrological change, so relative levels of salinization 
indicate the level of hydrological degradation. The Pecos 
River is most saline near Girvin, TX, the point down-
stream from virtually all cumulative impacts of agricul-
tural developments.
 Brine aquifer discharge near Malaga, NM, is a major 
source of salt within the contemporary Lower Pecos 
River (Howard 1942b; Lingle and Linford 1961; Havens 
and Wilkins 1979). However, effects of this discharge 
on streamflow salinity in the Pecos River depend on the 
relative volume and salinity of brine versus that of the 
receiving Pecos River. Historical discharge from the 
brine aquifer near Malaga was estimated as 0.01 m3/s 
(USNRPB 1942). Recent base flows in the Pecos River 
near Malaga are less than 4.00 m3/s and are comprised 
primarily of relatively saline irrigation return flows. 
Thus, historical brine inflows near Malaga would com-
pose more than 0.2% of the streamflow in the Pecos River 
and add salts to already-saline waters.
 In contrast, historical discharge from the brine aquifer 
near Malaga would have constituted less than 0.006% of 
predevelopment streamflows, based on the conservative 
estimate of 17.10 m3/s (combined estimated predevelop-
ment groundwater inflows to the Lower Pecos River and 
gains between Carlsbad and Malaga, NM; Lee 1925; 
Fiedler and Nye 1933; Morgan 1938; USNRPB 1942). 
Further, predevelopment streamflows were derived di-
rectly from surface runoff and unexploited aquifers that 
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were uncontaminated by irrigation-return flows. Thus, 
their salinity would have been lower than at present. 
In other words, the capacity of predevelopment Pecos 
River streamflow to dilute brine inflows would have been 
greater in addition to having a relatively high volume. 
Relatively frequent floods of relatively high magnitude 
would have further diluted streamflows and hastened salt 
export. Thus, although brine discharge near Malaga con-
tributes significantly to the salt load of the Lower Pecos 
River at present, it would have had much less influence on 
streamflow salinity prior to water resource development. 
Perhaps enough to create a salty taste noted by explorers 
and pioneers, but not enough to eliminate freshwater or-
ganisms.
 Although the Pecos River in the vicinity of Girvin, 
TX, is now the most saline location on the Pecos River 
and is prone to streamflow intermittence, this was far 
from the case prior to development. The historical char-
acter of the Pecos River near Girvin was relatively well 
documented, because Horsehead Crossing, a river ford 
of historical importance, was nearby (Dearen 1996). 
Predevelopment river flows in this vicinity were con-
sidered highly unpredictable because they seemed to 
be constantly changing and prone to frequent and rapid 
flood pulses, a condition that prevailed throughout the 
region (Dearen 1996). Early surveyors reported that water 
depths in the region were commonly between 1.5 and 7.6 
m (Pope 1854). Thus, historical accounts and historical 
groundwater data agree that predevelopment flows were 
much greater than postdevelopment flows. These higher 
flows by definition would have diluted existing salts and 
exported them from the drainage.
 Even today, spring inflows that rejuvenate the Pecos 
River downstream from Girvin, TX, dramatically dilute 
streamflows (USNRPB 1942; Davis 1980a, 1987). For 
example, mean discharge of 7.1 m3/s near Langtry, TX, at 
the mouth of the Pecos River (water years 1981 through 
1985), produced salinities similar to those near Carlsbad, 
despite salinization in intervening river reaches (Fig. 4). 
Hence, fresher, predevelopment streamflows of much 
higher magnitude, combined with more frequent, higher 
magnitude floods, must have maintained freshwater con-
ditions throughout the pristine Lower Pecos River.
Biological Impacts of Salinization
 The level of salinization in the Lower Pecos River cor-
responds to the level of human disturbance (Hoagstrom 
2003). Correspondingly, native biodiversity has declined 
most dramatically in highly salinized river reaches. For 
example, invertebrate diversity (Davis 1980a, 1987; 
Howells 2003) and fish diversity (Davis 1987; Rhodes 
and Hubbs 1992; Linam and Kleinsasser 1996) are most 
severely depressed between Red Bluff Dam and Girvin. 
Many of the species present are more typical of coastal 
estuaries than inland rivers (Davis 1980a, 1987).
 Saline aquatic habitats are a natural feature of the 
Pecos River valley. A relatively diverse assemblage of 
native euryhaline fishes (Echelle and Echelle 1992; Table 
1) and some euryhaline molluscs (Taylor 1985) suggests 
such habitats have been present for millennia. However, 
the euryhaline fishes (e.g., gizzard shad Dorosoma ce-
pedianum, plains killifish Fundulus zebrinus, rainwater 
killifish Lucania parva, western mosquitofish Gambusia 
affinis, and Pecos pupfish Cyprinodon pecosensis) are 
characteristic of shallow or low-velocity habitats, not 
swift main-channel habitats that were typical of the 
predevelopment Lower Pecos River. Presumably, these 
fishes historically inhabited saline wetlands and springs 
found in the Pecos River floodplain and along tributaries. 
Remnants of springs and saline wetlands still support 
large populations (Hoagstrom and Brooks 1999; Echelle 
et al. 2003, 2006). The main river channel of the prede-
velopment Pecos River likely provided some low-velocity 
habitats along its margins and served as an important 
dispersal corridor for euryhaline fishes, but as human 
disturbances desiccated the Pecos River, low-velocity, 
high-salinity habitats became increasingly prevalent 
and euryhaline species came to dominate the fish fauna 
(Campbell 1958; Hoagstrom 2003).
 The total native fish fauna of the Pecos River be-
tween Red Bluff Dam and Girvin, TX, will never be 
fully known because virtually no fish surveys predate 
salinization (Hoagstrom 2003). A comparison of recent 
(post-1985) and historical surveys from the Lower Pecos 
River indicates many taxa have disappeared from each 
river reach (upstream from Red Bluff Dam, between Red 
Bluff Dam and Girvin, and downstream from Girvin) and 
throughout the entire study area (Table 1). Portions of the 
Lower Pecos River that are less salinized (upstream of 
Red Bluff Dam and downstream of Girvin) until recently 
maintained a relatively diverse native fish fauna (19 and 
27 species, respectively), including many freshwater 
fishes with relatively low salinity tolerance (noneuryha-
line). Notably, the river reach upstream of Red Bluff Dam 
includes areas affected directly by inflows from the brine 
aquifer near Malaga, NM.
 A relatively diverse, remnant freshwater fish fauna 
also persisted in 1957-58, during early decades of salini-
zation between Red Bluff Dam and Girvin (Campbell 
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TABLE 1
NATIVE FISHES OF THE LOWER PECOS RIVER BY RIVER REACH
species Reach 1 Reach 2 Reach 3 statusa
Alligator gar Atractosteus spatulab E E
Spotted gar Lepisosteus oculatusb E E E
Longnose gar Lepisosteus osseusb P P P P
American eel Anguilla rostratab E E E E
Gizzard shad Dorosoma cepedianumb P P P P
Central stoneroller Campostoma anomalum pullum E E
Red shiner Cyprinella lutrensis lutrensis P P P P
Proserpine shiner Cyprinella proserpina P P
Roundnose minnow Dionda episcopa E ? P D
Rio Grande silvery minnow Hybognathus amarus E E E
Rio Grande speckled chub Macrhybopsis aestivalis E ? P D
Texas shiner Notropis amabilis E ? P D
Tamaulipan shiner Notropis braytoni E ? P D
Ghost shiner Notropis buchanani E D
Rio Grande shiner Notropis jemezanus E E E E
Phantom shiner Notropis orca E E
Pecos bluntnose shiner Notropis simus pecosensis E E
Northern sand shiner Notropis stramineus stramineus P ? P P
Fathead minnow Pimephales promelas P ? E D
Bullhead minnow Pimephales vigilax E P D
Longnose dace Rhinichthys cataractae cataractae E E
Slender carpsucker Carpiodes carpio elongatus P E P D
Blue sucker Cycleptus elongatus P ? P D
Smallmouth buffalo Ictiobus bubalus P E P D
Gray redhorse Moxostoma congestum P E P D
Mexican tetra Astyanax mexicanus P P P P
Blue catfish Ictalurus furcatus E ? P D
Headwater catfish Ictalurus lupus E E E E
Flathead catfish Pylodictis olivaris P E P D
Plains killifish Fundulus zebrinusb E E E E
Rainwater killifish Lucania parvab P P P P
Western mosquitofish Gambusia affinisb P P P P
Tex-Mex gambusia Gambusia speciosa P P
Pecos pupfish Cyprinodon pecosensisb E E E E
Green sunfish Lepomis cyanellus P E P D
Warmouth Lepomis gulosus P E E D
Bluegill Lepomis macrochirus macrochirus P E P D
Longear Lepomis megalotis P E P D
Largemouth bass Micropterus salmoides salmoides P E P D
Rio Grande darter Etheostoma grahami P P
Greenthroat darter Etheostoma lepidum E E
Bigscale logperch Percina macrolepida P E D
Freshwater drum Aplodinotus grunniensb E P D
Rio Grande cichlid Cichlasoma cyanoguttatum P P P
Total native fishes 33 26 39 44
Extirpated native fishes 14 19 12 13
Notes: Modified from Hoagstrom (2003); Reach 2 records from Hoagstrom (1994), Larson (1996), Linam and Kleinsasser (1996). 
Reaches: 1 = Brantley Dam to Red Bluff Dam, 2 = Red Bluff Dam to Girvin, TX, 3 = Girvin to Rio Grande. E = extirpated (locally 
extinct), P = persistent, ? = presurvey extirpation?
a Study area status, based on post-1985 surveys: D = declining, E = extirpated, P = persistent.
b Euryhaline fishes that can inhabit waters with salinities equal to or exceeding sea water (Gunter 1942; Smith and Miller 1986; 
Echelle et al. 1972; Hoagstrom and Brooks 1999).
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1958). Prior to 1950, irrigation from groundwater in the 
Texas portion of the Permian Basin was relatively minor, 
and springs still contributed to Pecos River streamflow 
(Lingle and Linford, 1961; LaFave 1987; Brune 2002). 
Subsequent groundwater overdraft greatly reduced spring 
inflows and ultimately reversed the flow direction in some 
reaches, causing conveyance losses via seepage into the 
aquifer (Grozier et al. 1966, 1968; LaFave 1987). This 
final desiccation corresponded with the disappearance of 
native freshwater fishes (Hoagstrom 2003). During the 
same period, nonnative euryhaline fishes become estab-
lished, further threatening native taxa (Minckley 1965; 
Hillis et al. 1980; Childs et al. 1996). These cumulative 
effects of human disturbance have devastated the native 
fish fauna (Hoagstrom 2003). Although undocumented, 
it is likely the same was true of the native invertebrate 
fauna.
 The Pecos River between Red Bluff Dam and Girvin 
now supports primarily euryhaline fishes (Linam and 
Kleinsasser 1996; Table 1). Based on post-1985 surveys, 
only seven of 26 native fish species remain (Table 1). In 
addition, eight species never collected between Red Bluff 
Dam and Girvin were historically collected upstream and 
downstream (Table 1). It is unlikely that predevelopment 
distributions of these species would have been disjunct, 
given that habitat conditions were similar throughout 
the study area (Dearen 1996; Hoagstrom 2003; Brune 
2002; Hoagstrom et al. 2008). Rather, these species were 
probably generally distributed under predevelopment 
conditions, and their absence from historical collections 
indicates they disappeared from this river reach during 
the 50 years of intensive water-resource development that 
preceded extensive fish surveys. If so, the predevelop-
ment fish fauna between Red Bluff Dam and Girvin in-
cluded at least 34 fish species, of which only seven (21%) 
are extant.
 Additional environmental degradation associated 
with severe human disturbances in the Lower Pecos River 
includes blooms of toxic algae. These blooms devastate 
molluscs and fishes (James and de la Cruz 1989; Rhodes 
and Hubbs 1992) and facilitate establishment of nonna-
tives (Childs et al. 1996). Toxic algal blooms are best 
documented in Red Bluff Reservoir and downstream, but 
have recently occurred upstream of Red Bluff Reservoir 
as well and may contribute to the recent or near-future 
disappearance of native fishes (Zymonas and Propst 
2007).
 Similar to the Lower Pecos River, invertebrate and 
fish faunas of the salinized Rio Grande downstream from 
the New Mexico-Texas border have relatively low biodi-
versity and consist only of salt-tolerant forms (Hubbs et 
al. 1977; Davis 1980b). Also, freshwater inflows farther 
downstream rejuvenate the Rio Grande freshwater fauna 
(Hubbs et al. 1977; Davis 1980b). This reach of the Rio 
Grande has been subjected to the same impacts that 
plague the Lower Pecos River (i.e. upstream flood control, 
extensive irrigation, groundwater overdraft). However, 
salinization in the Rio Grande is not commonly attrib-
uted to a brine aquifer. Rather, upstream impoundment 
and repeated application of river water to crops is widely 
recognized as the cause (Haney and Bendixen 1953; 
Holmes 1971; Pillsbury 1981; Meybeck et al. 1989; Hibbs 
and Boghici 1999). Diminished streamflows and reduced 
flooding (Kelley 1986; Collier et al. 1996; Schmidt et 
al. 2003) likely have also facilitated salinization. Thus, 
streamflow salinization and loss of freshwater taxa ap-
pear to be regional phenomena associated with upstream 
agricultural developments.
Salinization and Flow-Regime Restoration
 Patterns of salinization and fish faunal composition in 
the Lower Pecos River indicate that flow-regime restora-
tion could partially restore freshwater faunas. Based on a 
direct comparison of the flow regime of the Pecos River 
near Girvin to that near Langtry for the combined periods 
October 1, 1975, to September 30, 1978, and October 1, 
1980, to September 30, 1985 (the only data available for 
the Pecos River near Langtry), mean discharge of 0.8 ± 
0.02 95% confidence interval (CI) m3/s near Girvin corre-
sponds to mean discharge of 7.2 ± 0.55 95% CI m3/s near 
Langtry (U.S. Geological Survey gage data). Relatively 
high discharge variation near Langtry indicates increased 
flow fluctuations (floods) as well as increased base flow. 
Modal flow was 0.5 m3/s near Girvin and 6.7 m3/s near 
Langtry. Thus, an unknown average annual discharge 
between 0.5 and 7.2 m3/s is apparently adequate to reduce 
salinization in the Lower Pecos River.
 In order to maintain a salt balance and reduce or 
eliminate salinization in the Lower Pecos River, salt ex-
port needs to be increased or evapotranspiration needs to 
be decreased (Pillsbury 1981). Water conservation could 
partially restore streamflows and dam operating proce-
dures could be modified to elevate streamflows or provide 
flushing flows (Ghassemi et al. 1995; Postel and Richter 
2003). Improved irrigation efficiency can potentially 
reduce discharge of salts from croplands (Holmes and 
Talsma 1981; Ghassemi et al. 1995; Hatton and Nulsen 
1999), possibly also leading to reduced evapotranspira-
tion if less water is applied to crops. Altering patterns 
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of reservoir storage might also reduce evaporation if 
residence times in Brantley and Red Bluff reservoirs 
were reduced. Evaporation is particularly high in these 
reservoirs because their vicinity is relatively warm and 
they have high surface-area-to-volume ratios, which 
increase the evaporative surface relative to upstream res-
ervoirs (i.e., Santa Rosa and Sumner). Further, underlying 
strata in Brantley and Red Bluff reservoirs are relatively 
prone to dissolution (Lee 1925; USNRPB 1942), which 
could contribute additional salts to reservoir waters. 
More extreme options for reestablishing a salt balance 
in the Lower Pecos River include a reduction in irrigated 
acreage to reduce evapotranspiration or dam removal to 
restore natural flow regimes and reduce evaporation.
Salinization of Great Plains Rivers
 Given the prevalence of irrigated agriculture (Parton 
et al. 2003, 2007), salinization is a threat to native aquatic 
organisms throughout the Great Plains. Indeed, increas-
ing streamflow salinity associated with irrigated agricul-
ture is widespread (e.g., Colby et al. 1956; Miller et al. 
1981; Dennehy et al. 1998; Shirinian-Orlando and Uchrin 
2000). Climate-change models indicate water demand for 
agriculture will increase in response to global warming 
(Ojima et al. 1999; Joyce et al. 2001), suggesting the threat 
of salinization will increase. Given that salinity has a ma-
jor effect on fish distributions in the Great Plains (Echelle 
et al. 1972; Ostrand and Wilde 2001; Higgins and Wilde 
2005), changing salinity patterns are certain to affect 
them. Future studies of aquatic communities in the Great 
Plains should include salinity measurements for better 
spatial and temporal documentation of regional salinity 
as well as to improve detection and facilitate avoidance 
of salinization.
 The Natural Flow Regime paradigm was proposed to 
facilitate river conservation and restoration (Poff et al. 
1997). Thus, it is fitting that flow regime restoration can 
potentially reduce salinization. Proponents of the para-
digm have noted the importance of freshwater inflows for 
reducing salinity in coastal deltas and estuaries (Postel 
and Richter 2003), but this function is also important 
inland, within river drainages (Holmes 1971; Pillsbury 
1981). Prior to settlement of the Great Plains, natural flow 
regimes of streams in the region were important for ex-
porting natural salts. In the future, restored flow regimes 
may be important for exporting natural salts along with 
additional salt loads derived from irrigation return flows. 
This would not only benefit the native aquatic biota but 
also improve conditions for downstream water users.
ACKNOWLEDGMENTS
 I thank the College of Science at Weber State Uni-
versity for support, particularly Sam Zeveloff and the 
Department of Zoology. I also thank Jim Brooks, Jude 
Smith, Bob Larson, Jr., Steve Davenport, Alice Echelle, 
Tony Echelle, and Jim Scudday for stimulating discus-
sions regarding the historical Pecos River. Steve Dav-
enport, Nik Zymonas, Alice and Tony Echelle, and two 
anonymous reviewers provided editorial comments and 
encouragement. Gregory Pierce and Heber Lefgren pre-
pared the map (Fig. 1).
REFERENCES
Allan, J.D. 1995. Stream Ecology: Structure and Function 
of Running Waters. Chapman and Hall, New York.
Alyamani, M.S. 1999. Salinity problem of groundwater in 
the Wadi Tharad Basin, Saudi Arabia. GeoJournal 
48:291-97.
Ashworth, J.B. 1990. Evaluation of ground-water re-
sources in parts of Loving, Pecos, Reeves, Ward, 
and Winkler counties, Texas. Texas Water Develop-
ment Board Report 317, Austin.
Bortnik, V.N. 1999. Alteration of water level and salinity 
of the Aral Sea. In Creeping Environmental Prob-
lems and Sustainable Development in the Aral Sea 
Basin, ed. M.H. Glantz, 47-65. Cambridge Univer-
sity Press, Cambridge.
Brune, G. 2002. Springs of Texas, vol. 1, 2nd ed. Texas 
A&M University Press, College Station, TX.
Butler, D.L., and P. von Guerard. 1996. Salinity in the 
Colorado River in the Grand Valley, western 
Colorado, 1994-1995. U.S. Geological Survey Fact 
Sheet FS-215-96. U.S. Government Printing Office, 
Washington, DC.
Byrd, D., K. Lange, and L. Beal. 2002. Water resources 
data, New Mexico, water year 2001. U.S. Geo-
logical Survey Water-Data Report NM-2001-1. U.S. 
Government Printing Office, Washington, DC.
Campbell, L. 1958. Report of fisheries investigations: 
Basic survey and inventory of species present in 
the Pecos River of Texas. Texas Game and Fish 
Commission Fisheries Investigations and Surveys 
of the Waters of Region 3-B, Project F-5-R-5, Job 
B-13, Austin.
Childs, M.E., A.A. Echelle, and T.E. Dowling. 1996. 
Development of the hybrid swarm between Pecos 
pupfish (Cyprinodontidae: Cyprinodon pecosensis) 
and sheepshead minnow (Cyprinodon variegatus): 
Great	Plains	Research	Vol.	19	No.	1,	200940
©	2009	Center	for	Great	Plains	Studies,	University	of	Nebraska–Lincoln
A perspective from allozymes and mtDNA. Evolu-
tion 50:2014-22.
Colby, B.R., C.H. Hembree, and F.H. Rainwater. 1956. 
Sedimentation and chemical quality of surface 
waters in the Wind River basin, Wyoming. U.S. 
Geological Survey Water-Supply Paper 1373. U.S. 
Government Printing Office, Washington, DC.
Collier, M., R.H. Webb, and J.C. Schmidt. 1996. Dams 
and rivers: Primer on the downstream effects of 
dams. U.S. Geological Survey Circular 1126. U.S. 
Government Printing Office, Washington, DC.
Covich, A.P., S.C. Fritz, P.J. Lamb, R.D. Marzolf, W.J. 
Matthews, K.A. Poiani, E.E. Prepas, M.B. Rich-
man, and T.C. Winter. 1997. Potential effects of 
climate change on aquatic ecosystems of the Great 
Plains of North America. Hydrological Processes 
11:993-1021.
Cowley, D.E., and J.E. Sublette. 1987. Distribution of 
fishes in the Black River drainage, Eddy County, 
New Mexico. Southwestern Naturalist 32:213-21.
Cox, E.R. 1967. Geology and hydrology between Lake 
McMillan and Carlsbad Springs, Eddy County, 
New Mexico. U.S. Geological Survey Water-Supply 
Paper 1828. U.S. Government Printing Office, 
Washington, DC.
Davis, J.R. 1980a. Species composition and diversity of 
benthic macroinvertebrate populations of the Pecos 
River, Texas. Southwestern Naturalist 25:241-56.
Davis, J.R. 1980b. Species composition and diversity of 
benthic macroinvertebrates in the upper Rio Grande, 
Texas. Southwestern Naturalist 25:137-50.
Davis, J.R. 1987. Faunal characteristics of a saline stream 
in the northern Chihuahuan Desert. Contributed 
Papers of the Second Symposium on Resources of 
the Chihuahuan Desert Region, United States and 
Mexico 4:1-17.
Dearen, P. 1996. Crossing Rio Pecos. Texas Christian 
University Press, Fort Worth.
Dennehy, K.F., D.W. Litke, C.M. Tate, S.L. Qi, P.B. 
McMahon, B.W. Bruce, R.A. Kimbough, and J.S. 
Heiny. 1998. Water quality in the South Platte River 
basin, Colorado, Nebraska, and Wyoming, 1992-95. 
U.S. Geological Survey Circular 1167. U.S. Gov-
ernment Printing Office, Washington, DC.
Dodds, W.K., K. Gido, M.R. Whiles, K.M. Fritz, and 
W.J. Matthews. 2004. Life on the edge: The ecol-
ogy of Great Plains prairie streams. BioScience 
54:205-16.
Echelle, A.A., and A.F. Echelle. 1992. Mode and pattern 
of speciation in the evolution of inland pupfishes 
in the Cyprinodon variegatus complex (Teleostei: 
Cyprinodontidae): an ancestor-descendant hypoth-
esis. In Systematics, Historical Ecology, and North 
American Freshwater Fishes, ed. R.L. Mayden, 
691-709. Stanford University Press, Stanford, CA.
Echelle, A.A., A.F. Echelle, S. Contreras Balderas, and 
Ma. de L. Lozano Vilano. 2003. Pupfishes of the 
northern Chihuahuan Desert: status and conserva-
tion. Special Publications of the Museum of Texas 
Tech University 46:111-26.
Echelle, A.A., A.F. Echelle, and L.G. Hill. 1972. Inter-
specific interactions and limiting factors of abun-
dance and distribution in the Red River pupfish, 
Cyprinodon rubrofluviatilis. American Midland 
Naturalist 88:109-30.
Echelle, A.F., A.A. Echelle, and N.L. Allan. 2006. Distri-
bution and conservation of genetic variation in rem-
nant populations of the Pecos pupfish (Cyprinodon 
pecosensis, Cyprinodontidae). In Studies of North 
American Desert Fishes in Honor of E.P. (Phil) Pis-
ter, Conservationist, ed. Ma. de L. Lozano-Vilano 
and A.J. Contreras-Balderas, 47-61. Universidad 
Autónoma de Nuevo León, Monterrey, NL.
El-Ashry, M.T., J. van Schilfgaarde, and S. Schiffman. 
1985. Salinity pollution from irrigated agriculture. 
Journal of Soil and Water Conservation 40:48-52.
Elgabaly, M.M. 1977. Water in arid agriculture: Salinity 
and waterlogging in the near-east region. Ambio 
6:36-39.
Fausch, K.D., and K.R. Bestgen. 1997. Ecology of fishes 
indigenous to the central and southwestern Great 
Plains. In Ecology and Conservation of Great Plains 
Vertebrates, ed. F.L. Knopf and F.B. Samson, 131-66. 
Ecological Studies 125, Springer-Verlag, New York.
Feth, J.H. 1971. Mechanisms controlling world water 
chemistry: Evaporation-crystallization process. 
Science 172:870.
Fiedler, A.G., and S.S. Nye. 1933. Geology and ground-
water resources of the Roswell Artesian Basin, 
New Mexico. U.S. Geological Survey Water-Supply 
Paper 639. U.S. Government Printing Office, Wash-
ington, DC.
Foster, S.S.D., and P.J. Chilton. 2003. Groundwater: The 
processes and global significance of aquifer deg-
radation. Philosophical Transactions of the Royal 
Society of London B 358:1957-72.
Ghassemi, F., A.J. Jakeman, and H.A. Nix. 1995. Salinisa-
tion of Land and Water Resources: Human Causes, 
Extent, Management, and Case Studies. University 
of New South Wales Press, Sydney.
Causes	and	Impacts	of	Salinization	in	the	Lower	Pecos	River	•	Christopher W. Hoagstrom 41
©	2009	Center	for	Great	Plains	Studies,	University	of	Nebraska–Lincoln
Gibbs, R.J. 1970. Mechanisms controlling world water 
chemistry. Science 170:1088-90.
Gibbs, R.J. 1971. Mechanisms controlling world water 
chemistry: Evaporation-crystallization process. 
Science 172:871-72.
Gillespie, J.B., and G.D. Hargadine. 1986. Geohydrology 
of the Wellington-alluvial aquifer system and evalu-
ation of possible locations of relief wells to decrease 
saline ground-water discharge to the Smoky Hill 
and Solomon Rivers, central Kansas. U.S. Geologi-
cal Survey Water-Resources Investigations Report 
86-4110. U.S. Government Printing Office, Wash-
ington, DC.
Grover, N.C., G.A. Gray, and C.E. Ellsworth. 1922. Sur-
face water supply of the United States, 1918, pt. 8: 
Western Gulf of Mexico basins. U.S. Geological 
Survey Water-Supply Paper 478. U.S. Government 
Printing Office, Washington, DC.
Grozier, R.U., H.W. Albert, J.F. Blakey, and C.H. Hem-
bree. 1966. Water-delivery and low-flow studies, 
Pecos River, Texas, quantity and quality, 1964 and 
1965. Texas Water Development Board Report 22, 
Austin.
Grozier, R.U., H.R. Hejl, Jr., and C.H. Hembree. 1968. 
Water delivery study, Pecos River, Texas: quantity 
and quality, 1967. Texas Water Development Board 
Report 76, Austin.
Gunter, G. 1942. A list of the fishes of the mainland of 
north and middle America recorded from both 
freshwater and sea water. American Midland Natu-
ralist 28:305-26.
Haney, P.D., and T.W. Bendixen. 1953. Effects of irriga-
tion and runoff on surface water supplies. Journal of 
the American Water Works Association 45:1160-71.
Hatton, T.J., and R.A. Nulsen. 1999. Towards achieving 
functional ecosystem mimicry with respect to water 
cycling in southern Australian agriculture. Agrofor-
estry Systems 45:203-214.
Havenor, K.C. 1968. Structure, stratigraphy, and hydro-
geology of the northern Roswell Artesian Basin, 
Chaves County, New Mexico. New Mexico State 
Bureau of Mines and Mineral Resources Circular 
93, Socorro, NM.
Havens, J.S., and D.W. Wilkins. 1979. Experimental sa-
linity alleviation at Malaga Bend of the Pecos River, 
Eddy County, New Mexico. U.S. Geological Survey 
Water-Resources Investigations 80-4, 1-65. U.S. 
Government Printing Office, Washington, DC.
Hibbs, B.J., and R. Boghici. 1999. On the Rio Grande 
aquifer: Flow relationships, salinization, and envi-
ronmental problems from El Paso to Fort Quitman, 
Texas. Environmental and Engineering Geoscience 
5:51-59.
Higgins, C.L., and G.R. Wilde. 2005. The role of salinity 
in structuring fish assemblages in a prairie stream 
system. Hydrobiologia 549:197-203.
Hillis, D.M., E. Milstead, and S.L. Campbell. 1980. 
Inland records of Fundulus grandis (Cyprinodonti-
dae) in Texas. Southwestern Naturalist 25:271-72.
Hoagstrom, C.W. 1994. Relative abundance and niche 
partitioning in the fish community of the Pecos 
River, Pecos County, Texas. Master’s thesis, Sul 
Ross State University, Alpine, TX.
Hoagstrom, C.W. 2003. Historical and recent fish fauna of 
the Lower Pecos River. Special Publications of the 
Museum of Texas Tech University 46:91-110.
Hoagstrom, C.W., and J.E. Brooks. 1999. Distribution, 
status, and conservation of the Pecos pupfish, Cy-
prinodon pecosensis. New Mexico Game and Fish 
Technical Report 2. New Mexico Department of 
Game and Fish, Santa Fe.
Hoagstrom, C.W., J.E. Brooks, and S.R. Davenport. 2008. 
Recent habitat association and the historical decline 
of Notropis simus pecosensis. River Research and 
Applications 24:789-803.
Hogan, J.F., F.M. Phillips, S.K. Mills, J.M.H. Hendricks, 
J. Ruiz, J.T. Chesley, and Y. Asmerom. 2007. Geo-
logic origins of salinization in a semi-arid river: 
The role of sedimentary basin brines. Geology 
35:1063-66.
Holmes, J.W. 1971. Salinity and the hydrologic cycle. In 
Salinity and Water Use: A National Symposium on 
Hydrology, ed. T. Talsma and J.R. Philip, 25-40. 
John Wiley and Sons, New York.
Holmes, J.W., and T. Talsma. 1981. Land and Stream Sa-
linity. Elsevier, Amsterdam.
Holliday, V.T., J.C. Knox, G.L. Running IV, R.D. Mandel, 
and C.R. Ferring. 2002. The Central Lowlands and 
Great Plains. In The Physical Geography of North 
America, ed. A.R. Orme, 335-62. Oxford University 
Press, New York.
Hood, J.W. 1963. Saline groundwater in the Roswell 
Basin, Chaves and Eddy counties, New Mexico, 
1958-1959. U.S. Geological Survey Water-Supply 
Paper 1539-M. U.S. Government Printing Office, 
Washington, DC.
Howard, C.S. 1942a. Quality of stored water available 
for use in the lower basin of the Pecos River, Texas. 
Transactions of the American Geophysical Union 
23:593-98.
Great	Plains	Research	Vol.	19	No.	1,	200942
©	2009	Center	for	Great	Plains	Studies,	University	of	Nebraska–Lincoln
Howard, C.S. 1942b. Quality of water. In Fourteenth and 
Fifteenth Biennial Reports, State Engineer of New 
Mexico 1938-1942, 127-46. State Engineer of New 
Mexico, Santa Fe.
Howells, R.G. 2003. Declining status of freshwater mus-
sels in the Rio Grande, with comments on other 
bivalves. Special Publications of the Museum of 
Texas Tech University 46:59-73.
Hubbs, C., R.R. Miller, R.J. Edwards, K.W. Thompson, 
E. Marsh, G.P. Garrett, G.L. Powell, D.J. Morris, 
and R.W. Zerr. 1977. Fishes inhabiting the Rio 
Grande, Texas and Mexico, between El Paso and 
the Pecos confluence. In Importance, Preservation, 
and Management of Riparian Habitat: A Sympo-
sium, ed. R.R. Johnson and D.A. Jones, 91-97. U.S. 
Department of Agriculture, Forest Service, General 
Technical Report RM-43.
Hubert, W.A., and K.M. Gordon. 2007. Great Plains fishes 
declining or threatened with extirpation in Mon-
tana, Wyoming, or Colorado. American Fisheries 
Society Symposium 53:3-13.
Hufstetler, M., and L. Johnson. 1993. Watering the Land: 
The Turbulent History of the Carlsbad Irrigation 
District. U.S. National Park Service, Rocky Moun-
tain Region, Denver.
Hynes, H.B.N. 1970. The Ecology of Running Waters. 
Liverpool University Press, Liverpool, UK.
Irelan, B. 1971. Salinity of surface waters in the lower 
Colorado River-Salton Sea area. U.S. Geological 
Survey Professional Paper 486-E. U.S. Govern-
ment Printing Office, Washington, DC.
Jacobsen, T., and R.M. Adams. 1958. Salt and silt in an-
cient Mesopotamian agriculture. Science 128:1251-
58.
James, T.L., and A. de la Cruz. 1989. Pyrmnesium parvum 
Carter (Chrysophyceae) as a suspect of mass mor-
talities of fish and shellfish communities in western 
Texas. Texas Journal of Science 41:429-30.
Joyce, L.A., D. Ojima, G.A. Seielstad, R. Harriss, and J. 
Lackett. 2001. Potential consequences of climate 
variability and change for the Great Plains. In 
Climate Change Impacts on the United States: The 
Potential Consequences of Climate Variability and 
Change, 191-217. Cambridge University Press, New 
York.
Kelley, P. 1986. River of Lost Dreams: Navigation on 
the Rio Grande. University of Nebraska Press, 
Lincoln.
Khan, I.A. 1982. A model for managing irrigated agricul-
ture. Water Resources Bulletin 18:81-87.
Kishk, M.A. 1986. Land degradation in the Nile valley. 
Ambio 15:226-30.
LaFave, J.I. 1987. Groundwater flow delineation in the 
Toyah Basin of Trans-Pecos Texas. Master’s thesis, 
University of Texas, Austin.
Larson, G.L. 1996. Fish community structure in rela-
tion to water quality and habitat in the upper Pecos 
River, Texas. Report AS-095/SR. Texas Natural 
Resource Conservation Commission, Austin.
Lee, W.T. 1925. Erosion by solution and fill. In Contribu-
tions to the Geography of the United States, 1923-
1924, 107-21. U.S. Geological Survey Bulletin 760, 
U.S. Government Printing Office, Washington, 
DC.
Leftwich, B. 1957. Tracks along the Pecos. Elliott Print-
ing Co., Pecos, TX.
Linam, G.W., and L.J. Kleinsasser. 1996. Relationship 
between fishes and water quality in the Pecos River, 
Texas. Texas Parks and Wildlife Department River 
Studies Report 9:1-10.
Lingle, R.T., and D. Linford. 1961. The Pecos River Com-
mission of New Mexico and Texas: A Report of a 
Decade of Progress, 1950-1960. Rydal Press, Santa 
Fe, NM.
Longworth, J., and J. Carron. 2003. Surface water hy-
drology of the Pecos River. In Water Resources of 
the Lower Pecos Region, New Mexico: Science, 
Policy, and a Look to the Future, ed. P.S. Johnson, 
L.A. Land, L.G. Price, and F. Titus, 20-22. New 
Mexico Bureau of Geology and Mineral Resources, 
Socorro.
Matthews, W.J., and E.G. Zimmerman. 1990. Potential 
effects of global warming on native fishes of the 
southern Great Plains and the southwest. Fisheries 
15(6):26-32.
Meybeck, M., D.V. Chapman, and R. Helmer. 1989. 
Global Freshwater Quality: A First Assessment. 
Blackwell, Oxford.
Miller, M.R., P.L. Brown, J.J. Donovan, R.N. Bergatino, 
J.L. Sonderegger, and F.A. Schmidt. 1981. Saline 
seep development and control in the North Ameri-
can Great Plains—hydrogeological aspects. Agri-
cultural Water Management 4:115-41.
Minckley, W.L. 1965. Records of atherinid fishes at in-
land localities in Texas and northern México. Great 
Basin Naturalist 25:73-76.
Morgan, A.M. 1938. Geology and shallow-water resourc-
es of the Roswell Artesian Basin, New Mexico. In 
Twelfth and Thirteenth Biennial Reports, State En-
gineer of New Mexico 1934-1938, 155-249.
Causes	and	Impacts	of	Salinization	in	the	Lower	Pecos	River	•	Christopher W. Hoagstrom 43
©	2009	Center	for	Great	Plains	Studies,	University	of	Nebraska–Lincoln
Mourant, W.A., and J.W. Shomaker. 1970. Reconnais-
sance of Water Resources of De Baca County, New 
Mexico. New Mexico Bureau of Mines and Mineral 
Resources, Socorro.
Nace, R.L. 1972. Water problems and developments of the 
past. Water Resources Bulletin 8:101-9.
Ojima, D., L. García, E. Elgaali, K. Miller, T.G.F. Kit-
tel, and J. Lackett. 1999. Potential climate change 
impacts on water resources in the Great Plains. 
Journal of the American Water Resources Associa-
tion 35:1443-54.
Ostrand, K.G., and G.R. Wilde. 2001. Temperature, dis-
solved oxygen, and salinity tolerances of five prairie 
stream fishes and their role in explaining fish as-
semblage patterns. Transactions of the American 
Fisheries Society 130:742-49.
Parton, W.J., M.P. Gutman, and D. Ojima. 2007. Long-term 
trends in populations, farm income, and crop produc-
tion in the Great Plains. BioScience 57:737-47.
Parton, W.J., M.P. Gutman, and W.R. Travis. 2003. Sus-
tainability and historical land-use change in the 
Great Plains: The case of eastern Colorado. Great 
Plains Research 13:97-125.
Pillsbury, A.F. 1981. The salinity of rivers. Scientific 
American 245:54-65.
Pionke, H.B., and O.D. Workman. 1974. Effect of two 
impoundments on the salinity and quantity of stored 
waters. Water Resources Bulletin 10:66-80.
Poff, N.L., J.D. Allan, M.B. Bain, J.R. Karr, K.L. Prest-
gaard, B.D. Richter, R.E. Sparks, and J.C. Strom-
berg. 1997. The natural flow regime, a paradigm 
for river conservation and restoration. BioScience 
47:769-84.
Pope, J. 1854. Report of Exploration of a Route for the 
Pacific Railroad, near the Thirty-Second Parallel of 
North Latitude from the Red River to the Rio Grande. 
U.S. Government Printing Office, Washington, DC.
Postel, S. 1989. Water for agriculture: Facing the limits. 
Worldwatch Paper 93.
Postel, S., and B. Richter. 2003. Rivers for Life: Managing 
Water for People and Nature. Island Press, Wash-
ington, DC.
Rawson, J. 1982. Source areas of salinity and trends 
of salt loads in streamflow in the upper Colorado 
River, Texas. U.S. Geological Survey Water-Supply 
Paper 2084, U.S. Government Printing Office, 
Washington, DC.
Rhodes, K., and C. Hubbs. 1992. Recovery of Pecos River 
fishes from a red tide fish kill. Southwestern Natu-
ralist 37:178-87.
Richey, S.F., J.G. Wells, and K.T. Stephens. 1985. Geohy-
drology of the Delaware Basin and vicinity, Texas 
and New Mexico. U.S. Geological Survey Water-
Resources Investigations Report 84-4077. U.S. 
Government Printing Office, Washington, DC.
Robertson, L. 1997. Water operations on the Pecos River, 
New Mexico, and the Pecos bluntnose shiner, a 
federally-listed minnow. In Competing Interests in 
Water Resources—Searching for Consensus, ed. 
H.W. Greydanus and S.S. Anderson, 407-21. U.S. 
Committee on Irrigation and Drainage, Denver.
Schmidt, J.C., B.L. Everitt, and G.A. Richard. 2003. 
Hydrology and geomorphology of the Rio Grande 
and implications for river rehabilitation. Special 
Publications of the Museum of Texas Tech Univer-
sity 46:25-45.
Sharp, J.M., Jr. 2001. Regional groundwater flow systems 
in Trans-Pecos Texas. Texas Water Development 
Board Report 356:41-55.
Sharp, J.M., Jr., R. Boghici, and M.M. Uliana. 2003. 
Groundwater systems feeding the springs of west 
Texas. Special Publications of the Museum of Texas 
Tech University 46:1-11.
Shirinian-Orlando, A.A., and C.G. Uchrin. 2000. A 
method for determining salt sources in surface 
waters. Journal of the American Water Resources 
Association 36:749-57.
Shomaker, J.W. 1971. Gains and losses in the Pecos 
River between Alamogordo Dam and Acme, New 
Mexico. U.S. Geological Survey Open-File Report, 
Washington, DC.
Smedema, L.K., and K. Shiati. 2002. Irrigation and salin-
ity: A perspective review of the salinity hazards of 
irrigation development in the arid zone. Irrigation 
and Drainage Systems 16:161-74.
Smith, M.L., and R.R. Miller. 1986. The evolution of the 
Rio Grande basin as inferred from its fish fauna. In 
The Zoogeography of North American Freshwater 
Fishes, ed. C.H. Hocutt and E.O. Wiley, 457-85. 
John Wiley and Sons, New York.
Taylor, D.W. 1985. Evolution of freshwater drainages 
and molluscs in western North America. In Late 
Cenozoic History of the Pacific Northwest, ed. C.J. 
Hocutt and A.B. Leviton, 265-321. American Asso-
ciation for the Advancement of Science, California 
Academy of Science, San Francisco.
Thomas, H.E. 1959. Causes of depletion of the Pecos 
River in New Mexico. U.S. Geological Survey 
Water-Supply Paper 1619-G. U.S. Government 
Printing Office, Washington, DC.
Great	Plains	Research	Vol.	19	No.	1,	200944
©	2009	Center	for	Great	Plains	Studies,	University	of	Nebraska–Lincoln
Thomas, H.E., T.G. McLaughlin, I.J. Winograd, E.D. 
Gordon, C.S. Conover, and L.J. Bjorklund. 1963. 
Effects of drought in the Rio Grande basin. U.S. 
Geological Survey Professional Paper 372-D. U.S. 
Government Printing Office, Washington, DC.
Thomas, R.G. 1972. The geomorphic evolution of the 
Pecos River system. Baylor Geological Studies Bul-
letin 22. Baylor University, Department of Geology, 
Waco, TX.
Thornbury, W.D. 1965. Regional Geomorphology of the 
United States. John Wiley and Sons, New York.
Trimble, D.E. 1990. The Geologic Story of the Great 
Plains. Theodore Roosevelt Nature and History As-
sociation, Medora, ND.
USNRPB (U.S. National Resources Planning Board). 
1942. The Pecos River Joint Investigation: Reports 
of Participating Agencies. U.S. Government Print-
ing Office, Washington, DC.
USPWRPC (U.S. President’s Water Resources Policy 
Commission). 1950. Ten Rivers in America’s Fu-
ture: No. 4, The Rio Grande. U.S. Government 
Printing Office, Washington, DC.
Welsh, M.E. 1985. A Mission in the Desert, Albuquerque 
District, 1935-1985. U.S. Government Printing Of-
fice, Washington, DC.
Williams, W.D. 1987. Salinization of rivers and streams: An 
important environmental hazard. Ambio 16:180-85.
Williams, W.D. 1996. The Aral Sea: A limnological per-
spective. In The Aral Sea Basin, ed. P.P. Micklin and 
W.D. Williams, 57-65. Springer-Verlag, New York.
Williams, W.D., and N.V. Aladin. 1991. The Aral Sea: 
Recent limnological changes and their conservation 
significance. Aquatic Conservation: Marine and 
Freshwater Ecosystems 1:3-23.
Zelt, R.B., G.K. Boughton, K.A. Miller, J.P. Mason, and 
L.M. Gianakos. 1999. Environmental setting of the 
Yellowstone River basin, Montana, North Dakota, 
and Wyoming. U.S. Geological Survey Water-Re-
sources Investigations Report 98-4269. U.S. Gov-
ernment Printing Office, Washington, DC.
Zymonas, N.D., and D.L. Propst. 2007. Ecology of blue 
sucker and gray redhorse in the Lower Pecos River, 
New Mexico, 2000-2006. New Mexico Department 
of Game and Fish, Santa Fe.
